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Hydrothermal reactions of oxalic acid (H2ox) and 2-sulfobenzoic acid (H2L) with lanthanide oxide or hydroxide yielded five lan-
thanide oxalatosulfocarboxylates. They have a general formula [Ln2L2(ox)(H2O)6]n [Ln = La (1), Nd (2), Eu (3), Gd (4), Tb (5)]. 
Their structures were characterized by single crystal X-ray diffraction, powder X-ray diffraction (PXRD), infrared (IR) spectros-
copy, elemental analysis (EA), and thermogravimetric analysis (TGA). 1–5 are isostructural coordination polymers and feature 
one-dimensional (1D) chains, which are extended into 3D supramolecular frameworks through inter-chain hydrogen bonds be-
tween coordinated H2O donors and oxygen acceptors from carboxylate, sulfonate and oxalate groups. In addition, the solid-state 
photoluminescence properties of the Nd (2), Eu (3) and Tb (5) derivatives have been measured at room temperature. The Eu and 
Tb-containing coordination polymers (CPs) exhibit intense red and green luminescence emissions, respectively, with lifetimes in 
the order of millisecond.  
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Research on design and synthesis of lanthanide-based coor-
dination polymers is currently of great interest, not only 
because of their aesthetically pleasing structures but also 
because of their potential applications in areas such as bio-
logical assays, medical diagnosis, magnetic resonance im-
aging reagents, light-emitting materials, laser systems, and 
optical fibers for telecommunications [1–3]. Trivalent lan-
thanide ions are fascinating luminescent sources for their 
high color purity and relatively long lifetimes (millisecond) 
arising from intra-configurational f-f transitions. Unfortu-
nately, f-f transitions are parity forbidden according to the 
Laporte selection rules, which results in low molar absorp-
tivities, making direct photo-excitation of Ln (III) ions inef-
ficient, unless high power laser excitation sources are uti-
lized [4]. However, this can be solved via indirect excitation 
using a π-conjugated ligand chromophore as luminescence 
sensitizer. In a typical sensitization process, the ligand is 
excited through high absorptivity π-π* transition, which 
then transfers energy to the Ln (III) ion, populating the Ln- 
centered excited state, thus giving the lanthanide emission 
[5]. This so called “antenna effect” has been well docu-
mented for lanthanide complexes based on β-diketonates, 
polyazine ligands, microcycle polyamines and aromatic 
carboxylate ligands [6–18]. Our research group has also 
reported some luminescent lanthanide complexes con-
structed from phosphonate, sulfonate, oxalate and carbox-
ylate ligands in recent years [19–21]. The oxalate ligand 
(H2ox) chelates to Ln ions and forms a series of complex 
lanthanide oxalates, from the commonly known Ln(C2O4)n 
(n = 1–4) moieties to the rarely observed Ln(C2O4)5 units 
[22,23]. As an extension of our research on lanthanide oxa-
lates, we have selected H2ox as the primary ligand and 
2-sulfobenzoic acid as an auxiliary ligand. Five lanthanide 
oxalatosulfocarboxylate coordination polymers (CPs) were 
obtained by the synergistic coordination of ox2– and 2-  
sulfobenzoic acid to Ln (III) ions under hydrothermal con-
ditions, namely, [Ln2L2(ox)(H2O)6]n [Ln = La (1), Nd (2), 
Eu (3), Gd (4), Tb (5)]. They were characterized by    
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single-crystal X-ray diffractions, powder X-ray diffractions, 
elemental analyses and IR spectroscopic studies. Solid-state 
photoluminescence investigations revealed the π-conjugated 
2-sulfobenzoic acid ligand can be a good chromophore as 
lanthanide luminescence sensitizer.  
1  Experimental  
1.1  Materials and methods 
All chemicals were obtained from commercial sources and 
used without further purification. Elemental analyses of C 
and H were measured on a Vario MICRO E III elemental 
analyzer. Infrared (IR) spectra were recorded on Perkin- 
Elmer Spectrum One instrument as KBr pellets from 4000 
to 400 cm–1. Thermogravimetric analyses were performed 
on an NETZSCH STA 449C unit at a heating rate of 
10°C/min under a nitrogen atmosphere. X-ray powder dif-
fraction patterns of CPs 1–5 were collected on a Rigaku 
Mini Flex2 diffractometer using Cu Kα Radiation (λ = 
1.54056 Å) under ambient conditions. Solid-state photolu-
minescent spectra of CPs 2, 3 and 5 were measured at room 
temperature with an Edinburgh FLS920 fluorescence spec-
trometer. The instrument is equipped with an Edinburgh 
Xe900 xenon arc lamp as the excitation light source.  
1.2  Syntheses of CPs 1–5 
A mixture of Ln2O3 (0.3 mmol), H2C2O4·2H2O (0.3 mmol) 
and 2-sulfobenzoic acid (0.6 mmol) in deionized water (10 
mL) was placed in a 23 mL Teflon-lined stainless autoclave. 
After 10 min of stirring, it was sealed and heated at 170°C 
for 108 h, then slowly cooled to room temperature at a rate 
of 3°C/h.  
For 1 (Ln2O3 = La2O3): colorless block-shaped crystals 
were collected by filtration, washed with distilled water and 
air dried. Yield: 65% (based on La2O3). Calcd for 
C8H10LaO10S (%): C, 21.98; H, 2.31. Found (%): C, 22.02; 
H, 2.29. IR (KBr, cm–1): 3392 (vs, br), 1662 (vs), 1533 (vs), 
1478 (w), 1415 (s), 1314 (w), 1220 (m), 1181 (s), 1089 (m), 
1023 (m), 868 (w), 794 (w), 663 (w).  
For 2 (Ln2O3 = Nd2O3): light-purple block-shaped crys-
tals were collected by filtration, washed with distilled water 
and air dried. Yield: 70% (based on Nd2O3). Calcd for 
C8H10NdO10S (%): C, 21.72; H, 2.28. Found (%): C, 21.59; 
H, 2.31. IR (KBr, cm–1): 3392 (s, br), 1664 (s), 1535 (vs), 
1480 (w), 1419 (s), 1314 (w), 1220 (m), 1180 (s), 1090 (w), 
1024 (w), 872 (w), 796 (w), 666 (w).  
For 3 (Ln2O3 = Eu2O3): colorless block-shaped crystals 
were collected by filtration, washed with distilled water and 
air dried. Yield: 68% (based on Eu2O3). Calcd for 
C8H10EuO10S (%): C, 21.34; H, 2.24. Found (%): C, 21.08; 
H, 2.17. IR (KBr, cm–1): 3393 (s, br), 1667 (vs), 1540 (vs), 
1482 (w), 1426 (s), 1316 (w), 1219 (w), 1181 (s), 1090 (w), 
1024 (w), 872 (w), 798 (w), 665 (w).  
For 4 (Ln2O3 = Gd2O3): colorless block-shaped crystals 
were collected by filtration, washed with distilled water and 
air dried. Yield: 66% (based on Gd2O3). Calcd for 
C8H10GdO10S (%): C, 21.10; H, 2.21. Found (%): C, 21.19; 
H, 2.23. IR (KBr, cm–1): 3392 (s, br), 1667 (vs), 1541 (vs), 
1483 (w), 1427 (s), 1316 (w), 1219 (m), 1181 (s), 1090 (w), 
1024 (w), 873 (w), 799 (w), 666 (w).  
For 5 (0.6 mmol of Tb(OH)3 was used instead of Ln2O3): 
colorless block-shaped crystals were collected by filtration, 
washed with distilled water and air dried. Yield: 68% (based 
on Tb(OH)3). Calcd for C8H10O10STb (%): C, 21.02; H, 2.20. 
Found (%): C, 20.88; H, 2.27. IR (KBr, cm–1): 3391 (s, br), 
1668 (vs), 1543 (vs), 1484 (w), 1428 (s), 1316 (w), 1217 
(m), 1180 (s), 1090 (w), 1024 (w), 872 (w), 800 (w), 666 
(w).  
1.3  X-ray crystallographic study  
Crystal structure determinations of CPs 1–5 were performed 
on Oxford Xcalibur E CCD-based diffractometers equipped 
with graphite-monochromated Mo-Kα radiation (λ=0.71073 
Å) at room temperature. The intensity data sets were col-
lected with ω-scan technique. The CrysAlisPro (Version 
1.171.34.49) software was used for data reduction and em-
pirical absorption correction. The structures were solved by 
direct methods and successive Fourier difference syntheses, 
and refined by full-matrix least-squares on F2 (SHELXTL 
Version 5.1) [24]. All non-hydrogen atoms were refined 
with anisotropic displacement parameters. Hydrogen atoms 
attached to C atoms were generated geometrically and re-
fined by a riding-mode with isotropic thermal parameters 
fixed at 1.2 times that of the mother atoms. Hydrogen atoms 
bonding to coordinated water molecules were placed on 
calculated positions and refined with isotropic thermal pa-
rameters fixed at 1.5 times that of the O atoms. The detailed 
crystallographic data and structure refinement parameters of 
CPs 1–5 are summarized in Table 1. Selected bond lengths 
are listed in Table 2. 
2  Results and discussion 
2.1  Crystal structure of CPs 1–5  
Single-crystal X-ray diffractions, powder X-ray diffractions 
(Figure 1), elemental analyses and IR spectroscopic studies 
performed on 1–5 reveal that they are isostructural, with 
variations in the crystal unit cell volumes and Ln-O bond 
lengths decreasing from La (1) to Tb (5) (Tables 1 and 2), 
because of the lanthanide contraction effect. Therefore, 3 is 
described here representatively to illustrate the structures. 3 
crystallized in the P
−
1space group. As shown in Figure 2, the 
asymmetric unit of 3 consists of one Eu(III) ion, one L2– 
ligand, a half occupancy ox2– ligand on an inversion center 
and three coordinated water molecules. All atoms lie in 
general positions. The Eu(III) ion is nine-coordinate with an   
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Table 1  Crystallographic data for CPs 1–5 
CP 1 2 3 4 5 
Empirical formula C8H10LaO10S C8H10NdO10S C8H10EuO10S C8H10GdO10S C8H10O10STb 
Formula weight 437.13 442.46 450.18 455.47 457.14 
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic 
Space group P1  P1  P1  P1  P1  
a (Å) 7.8239(4) 7.7830(4) 7.7588(5) 7.7480(5) 7.7312(3) 
b (Å) 8.6649(8) 8.5820(4) 8.5154(4) 8.4834(7) 8.4507(7) 
c (Å) 10.8262(7) 10.7097(5) 10.6518(7) 10.6320(8) 10.6403(8) 
α (º) 70.125(7) 70.505(4) 70.875(5) 70.992(7) 71.218(7) 
β (º) 87.220(5) 87.445(4) 87.814(5) 87.879(6) 88.075(5) 
γ (º) 70.710(6) 70.530(5) 70.337(5) 70.382(6) 70.392(6) 
V (Å3) 649.79(8) 633.98(5) 624.08(6) 620.32(8) 617.83(7) 
Z 2 2 2 2 2 
Dc (g cm
–3) 2.234 2.318 2.396 2.439 2.457 
μ (mm–1) 3.495 4.308 5.241 5.563 5.942 
R (int) 0.0387 0.0383 0.0237 0.0380 0.0390 
GOF on F2 1.005 1.002 1.004 1.004 1.007 
R1, wR2 (I > 2 (I))a) 0.0259, 0.0611 0.0294, 0.0574 0.0228, 0.0696 0.0305, 0.0742 0.0376, 0.0889 
∆ρmin/max (e/Å3) 1.005/–0.939 1.152/–0.735 0.646/–1.138 1.718/–1.531 2.877/–1.374 
a) R = ∑||F0|  |Fc||)/∑|F0|, wR = [∑w(F02  Fc2)2/ ∑w(F02)2]1/2. 
 
Table 2  Selected bond lengths (Å) 
CP 1 
La(1)–O(1) 2.486(3) La(1)–O(10) 2.501(3) 
La(1)–O(3) 2.512(3) La(1)–O(6) 2.518(3) 
La(1)–O(7)#1a) 2.540(3) La(1)–O(2)#2 2.557(3) 
La(1)–O(9) 2.560(3) La(1)–O(8) 2.574(3) 
La(1)–O(1)#2 a) 2.789(3)   
CP 2 
Nd(1)–O(1) 2.424(3) Nd(1)–O(10) 2.434(3) 
Nd(1)–O(3) 2.457(3) Nd(1)–O(6) 2.468(3) 
Nd(1)–O(7)#1 a) 2.481(3) Nd(1)–O(2)#2 2.484(3) 
Nd(1)–O(9) 2.503(3) Nd(1)–O(8) 2.524(3) 
Nd(1)–O(1)#2 a) 2.777(3)   
CP 3 
Eu(1)–O(1) 2.382(3) Eu(1)–O(10) 2.383(4) 
Eu(1)–O(3) 2.424(3) Eu(1)–O(6) 2.427(3) 
Eu(1)–O(7)#1 a) 2.438(4) Eu(1)–O(2)#2 2.451(4) 
Eu(1)–O(9) 2.462(4) Eu(1)–O(8) 2.484(4) 
Eu(1)–O(1)#2 a) 2.805(3)   
CP 4 
Gd(1)–O(1) 2.369(3) Gd(1)–O(10) 2.370(4) 
Gd(1)–O(7)#1 a) 2.410(4) Gd(1)–O(3) 2.414(4) 
Gd(1)–O(6) 2.423(4) Gd(1)–O(2)#2 2.431(4) 
Gd(1)–O(9) 2.453(4) Gd(1)–O(8) 2.478(4) 
Gd(1)–O(1)#2 a) 2.811(4)   
CP 5 
Tb(1)–O(1) 2.345(5) Tb(1)–O(10) 2.348(5) 
Tb(1)–O(3) 2.397(5) Tb(1)–O(7)#1 2.401(5) 
Tb(1)–O(6) 2.413(5) Tb(1)–O(2)#2 2.420(5) 
Tb(1)–O(9) 2.438(6) Tb(1)–O(8) 2.460(5) 
Tb(1)–O(1)#2 a) 2.852(5)   
a) Symmetry codes. for 1, #1: –x+1, –y, –z. #2: –x+1, –y+1, –z; 2, #1: 
–x+1, –y+2, –z+1. #2: –x+1, –y+1, –z+1; 3, #1: –x+1, –y, –z. #2: –x+1, 
–y+1, –z; 4, #1: –x, –y+1, –z+1. #2: –x, –y, –z+1; 5, #1: –x+1, –y+1, –z+1. 
#2: –x+1, –y, –z+1. 
 
Figure 1  Calculated and experimental XRD powder patterns of 1–5.  
O9 donor set and the coordination polyhedron [EuO9] can be 
best described as a slightly distorted monocapped square 
antiprism. Four of the oxygen atoms come from the carbox-
ylate and sulfonate groups of two equivalent L2– ligands, 
and the other five oxygen atoms come from a chelating ox2– 
ligand and the three coordinated water molecules. The Eu-O 
bond lengths range from 2.382(3) to 2.805(3) Å, with an  
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Figure 2  (Color online) Asymmetric unit of 3 with 50% probability 
thermal ellipsoids (#1: –x+1, –y, –z; #2: –x+1, –y+1, –z). Hydrogen atoms 
have been omitted for clarity. 
average value of about 2.473(1) Å. The ox2– ligand adopts 
the most commonly observed bis-bidentate coordination 
mode, chelating to two Eu(III) ions and forming two edge- 
sharing five-membered rings (Eu-O-C-C-O). L2– ligand 
chelates to an Eu(III) ion using its carboxylate group and 
chelates to another Eu(III) ion via one of its carboxylate 
oxygen atoms and one of its sulfonate oxygen atoms, gener-
ating a centrosymmetric dimer [Eu2(L)2]
2+. The Eu-Eu (1–x, 
1–y, –z) distance within the dimmer is 4.379 Å. The dimer 
is bridged by an ox2– ligand forming a 1D “zigzag” chain 
running along the b-axis (Figure 3). At the supramolecular 
level, inter-chain hydrogen bonds between the coordinated 
H2O donors and oxygen acceptors on the carboxylate, sul-
fonate and oxalate groups link the 1D coordination polymer 
into a 3D supramolecular framework as shown in Figure 4. 
The O(D)…O(A) distances range from 2.627 to 3.075 Å. 
Detailed hydrogen bonding information is listed in Table 3.  
2.2  Thermogravimetric analysis 
CPs 1–3 were selected to examine the thermal stabilities of 
these coordination polymers. Thermogravimetric analysis 
(TGA) was measured in a nitrogen atmosphere from 40 to 
900°C at a heating rate of 10°C/min. As shown in Figure 5, 
they displayed very similar thermal decomposition process-
es. 2 will be described as a representative to depict them all 
in detail. The TGA curve of 2 displays two main stages of 
weight losses. The weight loss from 85 to 210°C of 11.9% 
corresponds to the loss of the three coordinated water mol-
ecules (theoretical value 12.2%). The mass then remains 
stable until 355°C. The second weight loss stage occurs 
from 360 to 560°C, where the curve shows a sharp drop 
(32.3% weight loss), indicating the decomposition of the   
 
Figure 3  (Color online) [Eu2(L)2]2+ dimer linked by ox2– ligand along the 
crystallographic b-axis forming a 1D coordination polymer. Hydrogen 
atoms have been omitted for clarity. 
 
Figure 4  (Color online) View of the 3D supramolecular structure of 3 
along the crystallographic b-axis. Hydrogen bonds are drawn as green 
dashes. 
backbone of the 1D coordination polymer. The coordination 
polymer then decomposes slowly above this temperature 
and complete decomposition is not achieved until above 
900°C.  
2.3  Photoluminescence properties  
Trivalent Eu- and Tb-containing complexes show strong 
and characteristic luminescent emissions in the visible re-
gion with long-lived (millisecond timescale) excited states, 
making them to be good candidate materials as chemical  
Table 3  Hydrogen bond parameters (Å) in 3a) 
D–H…A D…A distance D–H…A D…A distance 
O(8)–H(8B)…O(2)#3 2.771(5) O(8)–H(8A)…O(4)#4 2.990(5) 
O(9)–H(9B)…O(5)#4 3.075(6) O(9)–H(9A)…O(5)#5 2.788(5) 
O(10)–H(10B…O(7)#6 2.750(5) O(10)–H(10A…O(4)#4 2.627(5) 
a) Symmetry codes. #3: x+1, y–1, z; #4: x+1, y, z; #5: –x+1, –y, –z+1; #6: x, y+1, z. 
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Figure 5  Thermogravimetric analysis (TGA) curves of CPs 1–3.  
sensors, fluoroimmunoassays and structural probes [25]. 
Nd(III)-based compounds show emissions in the near-  
frared region (800–1400 nm), which has lead to their wide-
spread application in areas such as laser systems, medical 
diagnosis and telecommunications [26,27]. Bearing this in 
mind, we measured the solid-state photoluminescent spectra 
of CPs 3, 5 and 2 at room temperature.  
As displayed in Figure 6, CP 3 exhibits the strong and 
characteristic emission spectrum of Eu (III) ions upon the 
excitation at 394 nm. The emission bands occurring at 579 
(w), 592 (m), 616 (vs), 653 (w) and 697 nm (m) can be as-
signed to 5D0→7FJ (J = 0, 1, 2, 3, 4) transitions. The spec-
trum is dominated by the 5D0→7F2 transition at 616 nm, 
which gave a strong red luminescent output for the sample. 
The 5D0→7F2 transition of Eu (III) ion is electric dipole (ED)  
and extremely sensitive to chemical bonds around the Eu(III) 
ion. The emission intensity has previously been found to 
increase as the site symmetry of Eu(III) ion decreases, sug-
gesting a strong symmetry dependence for the 5D0→7F2 
transition. In contrast, the 5D0→7F1 transition whose emis-
sion intensity is mainly dependent on the crystal field 
around the Eu(III) ion is magnetic dipole (MD) and insensi-




Figure 6  Solid-state emission spectrum of 3 at room temperature (excita-
tion at 394 nm).  
the intensity of the 5D0→7F2 transition is about 4.5 times 
stronger than that of the 5D0→7F1 transition, indicating there 
is no inversion center at the Eu(III) sites, well consistent 
with the result of the single crystal X-ray diffraction analy-
sis. According to the ED selection rule, the crystal-field J 
mixing induced 5D0→7F0 transition is strictly forbidden in a 
field of high symmetry. The observation of the 5D0→7F0 
transition in the emission spectrum is further spectroscopic 
evidence of the C1 site symmetry of the Eu (III) ion in the 
crystal structure. The luminescence decay curve of 3 was 
recorded at room temperature. The decay curve can be fitted 
with a single-exponential function (I = I0exp (–t/τ)). The 
corresponding lifetime of the excited 5D0 state of the Eu(III) 
ions was 0.24 ms by monitoring the 5D0→7F2 transition. 
Under ultraviolet excitation at 318 nm, CP 5 gave typical 
Tb (III) emissions from 480 to 640 nm as shown in Figure 7. 
These emissions are attributed to the transition from the 
excited 5D4 state to the different J-levels of the lower 
7FJ 
state: 5D4→7F6 at 491 nm, 5D4→7F5 at 544 nm, 5D4→7F4 at 
588 nm and 5D4→7F3 at 621 nm. The spectrum is dominated 
by the 5D4→7F5 transition, which gave a strong green lumi-
nescent output for the sample. The luminescence decay 
curve of 5 follows a single-exponential function (I = I0exp 
(–t/τ)). The room temperature lifetime of the excited 5D4 
states of the Tb (III) ions was 0.75 ms by monitoring the 5D4
→7F5 transition. CP 2 displayed the characteristic fluores-
cent emission bands for Nd (III) ion upon visible light exci-
tation at 470 nm: a medium intensity emission band cen-
tered at 894 nm (4F3/2→4I9/2), a strong emission band at 
1059 nm (4F3/2→4I11/2), and a weak band at 1342 nm (4F3/2→
4I13/2) in the near-infrared region (Figure 8). However, no 
usable luminescence decay curve could be recorded for 2 
probably because of the fluorescent nature of the 4F3/2→4IJ 
transition and the non-radioactive relaxation of the excited 
4F3/2 state by O-H harmonic oscillators around the Nd emis-
sion center, since there are three water molecules in the first 
coordination sphere of the Nd (III) ion.  
 
 
Figure 7  Solid-state emission spectrum of 5 at room temperature (excita-
tion at 318 nm).  
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Figure 8  Solid-state emission spectrum of 2 at room temperature (excita-
tion at 470 nm).  
3  Conclusions  
Five lanthanide oxalatosulfocarboxylate coordination poly-
mers [Ln2L2(ox)(H2O)6]n [Ln = La (1), Nd (2), Eu (3), Gd 
(4), Tb (5)] were synthesized and characterized by X-ray 
diffractions, TGA, IR and EA. Their structures feature 1D 
oxalate-linked “zigzag” chains containing centrosymmetric 
dimer [Ln2(L)2]
2+, which is further extended into 3D supra-
molecular structure by inter-chain hydrogen bonds. Solid- 
state photoluminescence studies performed on the Nd, Eu, 
and Tb analogues revealed that the π-conjugated 2-    
sulfobenzoic acid ligand can effectively sensitize lanthanide 
luminescence emissions. CPs 3 and 5 may be good candi-
dates as efficient red and green light-emitting materials, 
respectively, while CP 2 could be used as a near-infrared 
emitter.  
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